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1.0 INTRODUCTION AND SUMMARY

The principal purpose of the work reported here has been an assess-

ment of the effectiveness with which micron size ferromagnetic wear

particles may be removed from lubricating oils by magnetic means.

Magnets have been used for many years in the beneficiation of ores ,

sor t ing of scrap me tal and removal of tramp iron from a wide variety

of materials. It is only in recent years , however , that a combina-

tion of intense magnetic fields and steep f i eld gradients distributed

throughout a large pr ocess ing vol ume ha s been app lied to the removal

of very small or weakl y magnetic particles from materials contain~ ng

them. It is the application of this technology to the specific task

of removing wear particles from lubricating oils that is discussed

in this report. A useful review paper covering the general field of

magnetic separation with emphasis on high gradient devices was

published recently in the IEEE Transactions on Magnetics (Ref . 1) .

Al though commercial equipment incorporating the high gradient magnetic

separation technique is available on the market and is finding app lica—

tions in mineral processing, ore beneficiation and wate r  purification ,

the method is still in the development stage. One company manufact iirt~~

a line of hi gh gradient devices specificall y intended for use is filters

in lubrication systems , hydraulic systems and in cleaning up cutting

oils ,
1 but the availability of these items appears to he largel y iin r~~c o g—

niz ed , the applications quite limited and performance information

1 Frantz Ferro—Filters manufo tured by the Frantz Company in Trenton , N .J .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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1.0 INTRODUCTION AND SUMMARY (continued)

unavailable. Indeed , there appears to be very little quantitative

inf orma tion to be had regard ing the ef f ic ien cy wi th wh ich any filter

removes wear particles from lubricants , or the consequences of such

removal on wear history.

One of the reasons for the general absence of data on the effective-

ness of lubricant filtration is the diffi culty cncountered in making

measurements of the quantity and characteristics of wear products in

lubricants. For investigations of wear in machines m~ide of ferro-

magnetic materials , this difficulty has been greatl y eased recently

by the development during the early 1970’ s of an instrument , the

Fe rrogr aph , designed specificall y to provide a means for the extrac-

tion , examination and measurement of micron size f~ rromagnetic wear

particles in oils. A description of the Ferrograp h is given in

Reference 2. This instrument makes possible the prepa ration of a

microscope slide on which the ferromagnetic wear parti cles contained

in a small oil sample are deposited with the largt r p~ rti clcs at one

end of the slide and continuous size gradation towards f i n~~st particles

at the other end . Slides prepared in this way may then he examined

microscop ically for identification of wear p~irti c I • t v p i  — contr Iled

heating of the slide causes different materials to assume diff rcnt

• colors — and measurements made of the amount of m i t & r i a l  present by the

area covered .

• The work r epo r t ed  here represents an tf f ~~rt provid e qu an t it at iv e

•- •  • - • -—- ,• — —• -~~ .~____a•• •~~ —--— - “——-—-S-- -
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1 0 INTRODUCTION AND SUMMARY (con t inued)

informa tion concern ing the eff iciency wi th wh ich small f erromagne tic

wear particles may be removed from lubricating oils by h igh grad ient

magne tic separa tion , and to determine the dependence of that effi-

ciency upon system parameters such as magnetic field strength and

flow rate. An attempt has also been made to provide evidence that

lubricant properties are improved by high gradient magnetic filtering

in accelerated wear situations. Although the results of such tests

have been pos it ive , they must be considered tentative until more

comprehensive tests under normal wear conditions have been carried

out. Tests of this kind involving normal wear in a Diesel engine

are now being planned .

Quantitative determinations of the efficiency of high gradient mag-

netic filtering of oil wc~ e made using clean oil that had been seeded

with micron size iron sp heres. These determinations were lat’~r

repeated ~nd fort ified by experiments in which oil was circulated

through a loop con ta ining both a filter and a wear particle generator

in the form of a Falex lubricant test machine. From such work it was

learned that a high gradien t magnetic filter ~~~~~ size comparable to

oil filter s used in cars and trucks operating at a flow rate of one to

three gallons per minute and a magnetic field strength between one and

two kilogauss is capable of removing virtuall y all of the ferron~agnetic

wear particles in the oil leaving only a small residue of very fine

submicron particles in the filtrate. Such a filter presents a low

• impedance to oil flow and has a large trapp ing capacity in relation

~~~~j~~~~~~~~~~~~~ T~~• •J~~~•~~~~i ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ •
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1.0 INTRODUCTION AND SUMMARY (cont inued)

to the rate of wear particle generation that might be anticipated

in a normally operating engine .

Act ing on this knowledge , a design , believed to constitute an in-

ven tion , has been prepared in which permanent magnets are used in

an extremely flexible arrangement to accommodate a wide range of

f low ra tes , trapping capacities and field strength requirements.

With the high efficiency of ferromagnetic particle removal estab-

lished and a design in hand tha t is w idel y adaptable to particular

filtration situations , it remains to identif y appro pr iate app lica-

tions testing opportunities where filters of this kind can be

evaluated quantitatively for wear rate improvement or other useful

consequences. Diesel engine tests now being planned are to be carried

out in an existing facility at the Michigan Technological University

in Houghton , Michigan . Other opportunities of this kind should be

sought to carry out evaluations of other potential applications in

existing fac ilities where the tests can be supervised by people with

exper t knowledge of the app lication under consideration.

The following sections of this report present: a brief discussion of

the high gradient magnetic separation princi p le; descri ptions of the

test equipment and procedures used to determine separation efficiency;

and , descriptions of the results obtained , including cu ves of per-

formance  charac ter istic s and photomicr ogr aph s of Ferr ograp h slides.
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2.0 HIGH GRADIENT MAGNETIC SEPARATION

If a bar of ferromagnetic material is placed in a magnetic field

and oriented with its long dimension parallel to the field direction ,

a north magnetic pole will appear at one end of the bar and a south

pole at the other end ; it will have been “magnetized” by the field .

If the f ield is uniform , that is, if the intensity of the field is

the same everywhere in the ne ighborhood of the bar , equal but op—

• positely directed forces will act on the north and south poles.

No net force will be present . If the bar is rotated out of align-

ment with the field direction , these equal and opposite forces will

produce a torque tend ing to realign the bar with the field , but there

will be no net force urging the bar to move. If , however , the inten-

sity of the magnetizing field varies from point to point , i.e., if a

f ie ld  gradient is present , the forces acting on the poles will not be

equal. A net force will then he present urging the bar to move in the

direction of the field grad ien . The magnitude of the net force will

be proportional to the produc t of the field intensity and the field

gradient. It is this net force , or tractive force as it is called ,

that is used in magnetic devices designed for sorting materials.

There are three things to note about the magnetic tractive force:

1. A magnetic field must exist to “magnetize ” th e material

being sorted ;

• _______________________
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2.0 HIGH GRADIENT MAGNETIC SEPARATION (continued)

2. The magnetizing field must be non—uniform; a gr dient must

be present;

3. The field gradient must be sufficiently steep so tha t a

• significant difference in intensity exists over a distance

comparable to the dimension of the object upon which the

tractive force is expected to act.

It is Item 3 in this list that explains the need for high (steep)

gradients in a magnetic sorting device designed to remove wear par-

ticles from oil. The “bars ” (or particles) in this case have dimen-

sions of the order of io
_ 6 

meter; therefore , the field gradients must

be sufficiently steep to provide sensible differences in field inten-

sity over a comparable distance. It is, in general , possible to

produce such steep gradients only in the immediate vicinity of sharp

edges or points on magnetized material or near small diameter magnetized

wires. In the magnetic filters used in the work reported here , a dis-

tribution of steep field gradients throughout a usefull y large pro-

cessing volume is accomplished by filling the volume with magnetic

stainless steel wool. The heart of the filter is a container filled

with steel wool to a density of about 5% on a volume basis. When such

a container is placed in a uniform magnetic field , the steel wool

become s magnetized thereby producing steep field gradients throughout

the contained volume . When oil containing wear particles is caused

to flow through such a structure , the particles are also magnetized

—- •- • —~~~~~~~--——~~~~~~~ •—--- - -—--~—-.—---•—~ •I—------ — ~~~~- .— - —---——- ---~~—---~~~~~~~~~~ -. — -. --~~~~~~~~ — —•--— - __l.ll1
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2 .0 HIGH GRADIENT MAGNETIC SEPARATION (con t inued)

by the field and trapped by the steep gradients surrounding the

steel wool fibers1.

The elementary physics of magnetic separation is expressed by the

following equation for the tractive force ,

Fm = MV grad H (2—1)

where

Fm is the tractive force ,

M is the magnetization of the particle (magnetic

moment per unit volume),

V is the volume of the particle ,

grad H is the f ield grad ien t ,

and the following equation for the hydrodynamic drag which also acts

on the particle by virtue of the motion and viscosity of the fluid in

which the particle is immersed ,

Fc = 3~r~~bv ( 2 — 2 )

I Alth ough the preceding discussion has been directed at separation
of ferromagnetic particles from whatever material they happen to be
immersed in , exactl y the same considerations app ly t~ sor ting of weakl y
magnetic materials , and even paramagnetic materials , according to sus—
ceptibility differences. Stronger fields and steeper gradients are
required in such cases.

• 

-•-~~~~ -- -- 

_ _ _ _ _ _ _ _ _ _
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2.0  HIGH GRADIENT MAGNETIC SEPARATION (continued)

where

r~ is the viscosity of the fluid ,

b is the diameter of the particle (assumed spherical)

v is the velocity of the fluid .

For trapping of the par ticle to occur , it is necessary that Fm be

greater than Fc, or

MV grad H > 3ir ribv (2—3)

as illustrated diagrammatical y in Figure 2—1.

• I

I-

_ _  ~~~ :ii iii ii _ _
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3.0 PROCEDURES AND EQUIPMENT

3.1 Oil Samp les

During the earl y stages of the investigation , experiments were con-

ducted with used oil collected at Naval air stations from jet engines

and aircraft hydraulic systems. (Oil from helicopter gear boxes was

also examined in a parallel program.) This procedure proved to be

unsatisfactory because of the time required to get the oil and because

- 

- 

the samples, once received , were awkward to deal with. The jet engine

and helicopter gear box oils were heavily contaminated with wear pol ymer ,

carbon and larger—than—normal wear particles from failed components.

The hydraulic oil was so clean that an insufficient quantity of wear

material was contained in a volume of reasonable size for analysis.

I t was concluded f r om these earl y tests that useful progress could be

mad e much more quickl y and eas ily with clean oil samples deliberately

contaminated by seed ing with micron size iron particles. Satisfactory

experimental oil samples were prepared with unused Mobil Jet II syn—

thetic oil (MIL—L—23699) seeded with small iron spheres , formed by the

• carbonyl proc ess1, ranging in diameter from a fraction of a micron to

about three microns. Enough iron was added in powder form to produce

samples with concentrations ranging between 100 and 200 parts per

million by weight . Later in the program , oil samp les were contaminated

with real wear particles gen rated by a Falex Lubricant Test machine (see

Appendix I).

1 The carbony l iron powder was obtained from the (AF Corporatien in
New York

_ _ _ _ _ _ _ _ _ _  
-- —~~~~~~~~~ •~~~~~~~~- -~~~~~~~~~~~~
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3.0 PROCEDURES AND EQUIPMENT (continued)

3.2 Test Equipment and Procedure

• A diagram of the test facility assembled for the purposes of this

investigation is presented in Figure 3—1 . The facility consists of

a holding tank for  the oil samp le , a var iable speed , positive dis-

p lacemen t pump , a small solenoidab electromagnet , a canister inserted

in the magnet bore containing a high gradient matrix of coarse steel

wool , pressure gauges for determining the pressure drop across the

matrix , miscellaneous plumbing and a thermostaticall y controlled

heater for warming the oil. The magnet is powered by a 1000 watt ,

Hewb itt—Packard power supp ly equipped with controls for independent

variation of voltage and current. It is water cooled with a mag-

netic field strength that can be v~ ried between 0 and 2 kilogauss

by appropriate adjustment of the power supp ly. The canister con—

• I tam ing the high gradient matrix is made of 1.5 inc h I .D. stainless

• steel tubing (non—magnetic). Inserted into each end of the canister

• tube are 4 inch long magnetic stainless steel pole pieces axially

I 
bored to pr ovide o il passages. The remaining 6 inch length of

can ister volume is f illed wi th coars e, magnetic stainless steel wool

I to a density of 5% on a volume basis. Preliminary tests had shown

that the coarse steel wool is to be preferred over finer grades of

steel wool and a variety of expanded metal patterns that were also

tried . The coarse steel wool combines low impedance to flow with

high wear particle capture.

LT •- -  - - ----• - - _ _ _ _ _ _ _ _• - _ _ _ _--_____ 
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• 3.2 Test Equipment and Procedure  ( cont inued)

In a typ ical tes t sequence a samp le of seeded oil (1 to 2 ga l lons )

is poured into the hold ing tank and pumped through the system for

about 5 minutes with the magnet off to mix the sample thoroughly.

A 3 ounce sample is removed from the mixed oil and set aside foó

later examination . The magnet is then turned on , the system allowed

to run for another 5 minutes and a second 3 ounce sample taken. The

parameter under inves tiga tion is then var ied for  as many data points

as might be required to produce a curve exhibiting the parametric

rela tionship involved . Analysis of the “before” and “after ” samp les

• 
accumula ted in this way is discussed in the next section.

In the tes ts conduc ted with seeded oil , the flow velocity through

the filter matrix was maintained close to 17 cm per second . This

I amounts to a bulk flow of about 244 gallons per square foot per minute.

Most of the tests were conducted with the oil at ambient temperature

I near 25°C, the exception being the determination of filtering effi—

i ciency as a function of temperature. The hydrodynamic drag f orces

tending to prevent capture of wear particles in the matrix is propor—

I

I tionab to the product of flow velocity and oil viscosity (see Section 2).

Since the viscosity of oil decreases markedly with rising temperature ,

- the results of the tes ts are conserva tive for  app lications in which the

o i l be ing filtered is hot. This matter is discussed further in Section 4.

Some of the data presented in Section 4 were taken at field intensities
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3.2 Test Equipment and Procedure (continued)

greater than the 2 kilogauss maximum field attainable with the equip-

ment described here. This data comes from early experiments with a

more powerful magnet. It was subsequently dec ided to limit the field

intensity to the 0 — 2 kilogauss range because little gain in effi-

ciency of filtering was observed at the higher fields and because

field s in the bower range can be achieved with permanent magnets.

Permanent magnet devices , which require no source of power , ar e much

more attractive for use in vehicles than are the electromagnets that

would be required for operation at the higher field levels.

Data for the parametric curves presented in Section 4 were obtained

from tests with oil that had been seeded with carbony l iron powder.

Later tests were made with real wear particles generated by a Falex

lubricant test machine introduced into the cir ulating oil 1oop just

after the magnet. The Falex machine , which is described in Appendix I,

is a standard test apparatus that causes a steel cy linder to rotate

between two V—blocks loaded with a measured amount of force , thereb y

producing rubbing wear similar to that encountered in journal bearings.

In normal test use , the rotating cylinder and V—blocks are immersed in

the oil under test , and the effectiveness of lubrication is measured by

the amount of wear produced after a given amount of time at a given load ,

all in accordance with a standard test procedure. In the tests being

repor ted her e, the stream of oil flowing through the magnet test loop

was d irected at the rotating test cy linder just after passing through

_ _ _ _ _ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~••-- -
~~~~~~~~~~~
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3.2 Test Equipment and Procedure (continued)

the magnet; thence it was returned to the pump and circulated again

through the magnet and onto the rotating cy linder. In a typical test

sequence , clean oil was introduced into the system and circulated

around the loop for  5 minutes wi th nei ther the magne t nor the Falex

machine operating . A sample was then taken and the Falex machine

turned on. The Falex machine was allowed to run for a half—hour in—

troducing wear particles into the circulating oil with the magnet

remaining off. A second oil samp le was then taken and the magnet

turned on at some predetermined field level. After 5 minutes of

operation with both the Falex machine and the magnet operating , a

third sample was taken and the Falex machine turned off leaving the

magnet on for an addi tional 5 minutes, whence a fourth oil sample

was taken. The test was then complete.

Tests were also conducted in which the electromagnet was replaced by

a permanent magnet solenoid similar in size and shape to the electra—

magnet but somewhat smaller. The central field in the bore of the per-

manent magnet with the filter canister removed is 0.8 kilogauss. These

tests were conducted to demonstrate that effective removal of wear par-

tid es from oil is indeed feasible with equipment of reasonable size.

A pho tograp h of the test equi pment showing the electrcmagnet and its

power supply, the Falex wear particle generator , the pump and inter-

connecting plumbing is presented in Figure 3—2. The filter canister 

_________________________



- ~~~--~~~~—
-•

~~~~~~~~~~~~~
- - ---- - .-•--~~~~

- 
~~~~~~~

-•
~~~~~~~~~~~~

- -
~~~~~~

----

Page 15

3.2 Test Equipment and Procedure (continued )

containing the steel wool matrix is seen installed in the electro-

magnet in Figure 3—2 and disassembled in Figure 3—3. Also seen in

Figure 3—3 is the permanent magnet used in the tests.

3.3 Analysis

The samples taken during the test sequences described in the fore-

going section were analyzed with the aid of a Ferrograp h (Ref. 2), an

ins trumen t desi gned to precipitate magnetic particles contained in a

fluid onto a microscope slide for examination under high magnification.

Particles in the size regime of interest in this study are effectivel y

colloidal in the sense that they will remain suspended in oil in-

definitely unless they are acted upon by a force sufficientl y strong

to pull them out. The Ferrograph precipitates those particles in the

oil that are magnetic , or that contain magnetic inclusion , by flowing

the oil sample along a microscope slide positioned above a long ,

narrow gap in a cylindrical magnet. The slide is supported at one

end by a small shelf above the magnet while the other end rests on the

magnet surface. A small peristaltic pump removes oil from a samp le

bottle and deposits it on the microscope slide near the end supported

by the shelf. As the oil flows along the slide , the particles con-

tained in it find themselves in a magnetic field that increases in both

intensity and steepness of gradient as a function of distance along the

slide. Consequently, tractive forces act on the magnetic particles in

the oil causing the larger ones to precip itate first as the oil moves down

_ _ _  - 

-
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3.3 Analysis (continued)

the slide toward the other end . After the oil samp le has been

run through the system for a sufficient length of time (usually

about 5 minutes), a fixative liquid is caused to flaw along the

slide. This liquid removes the remaining oil and , upon evaporation ,

causes the pr ecipitated particles to adhere to the slide so that

it can be removed from the magnet without upsetting the particle

dis tr ibu tion . The f i n ished sl ide , called a ferrogram , is then

ready for  mi croscop ic examination .

The heart of the Ferrograph showing the magnet with a microscope

slide positioned above it is shown in Figure 3—4 together with a

photograph of a typical ferrogram.

Examination , measurement and recording of the particle distributions

captured on ferrograms is accomp lished with a Ferroscope , a h igh

quality microscope equipped wit h accessory devices for making photo—

m ic rograp hs and photoelectric measurements of transmittance or reflec-

tance at selected positions along a ferrogram. The assessments of

filtration efficiency presented in Section 4 have been made both photo-

electr ically and with the aid of photomicrographs . The photoelectric

measurements yield data in the form of numbers which can be plotted

as gra phs , bu t in doing so si gnificant information concerning the kinds

of particles in the field of view is lost. This is particularl y im-

portant when measurements are made under conditions of high filtration

efficiency when most or all of the ferromagnetic particles have heen

-- -- 
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3.3 Anal ysis (cont inued )

removed. The photoelectric measurement is then dominated by the

presence of other debris always present in the field of view , whereas

visual examination of a photomicrograp h of the same field provides

easy discrimination between the wear particles and whatever else may

be there. Thus, a photoelectric measurement might indicate 95% effi-

ciency of filtration in a situation where visual examination would

show that 99.99% of the particles of interest had been removed . For

this reason , the graphs presented in Section 4 showing dependence of

filtration efficiency on system parameters are to be considered con-

servative in their indications of maximum efficiency.

The heaviest deposit on a ferrogram generally occurs at the point where

the liquid flows onto the slide. The accumulation at this point is

called the “entry deposit” and consists of a mixture of particles of

all sizes. The entry deposit from an oil sample with a high concentra-

tion of wear particles (50 to 100 parts per million by weight) can be

many particles thick. It was determined during the course of this inves-

tigation that the volume of the entry deposit is a usefull y reliable

and reproducible measure of the relative concentration of particles in

successive samples of oil. The entry deposit volume is measured by

determining the percent of the area covered by particles within the

field of view of the microscope at a magnification of IOOX and the

th ickness of the deposit by focal adjustment at 1000X . The percent of

the area covered by particles was determined from reflectivity measure-

men ts with the photoelectric attachment. In most cases the measured

. T .  .11 t .. ~~~~~~~~~~~~~~~~~~~~
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3.3  Anal ysis  (cont inued)

deposi ts were onl y one particle layer thick and , theref ore , required

onl y measurements of area covered for comparison purposes. The data

for the graphs presented in Section 4 was obtained in this way from

tests with oil that had been seeded with carbony l iron powder. The

pho tomi crograp hs , also presented in Section 4, were all made in the

region of maximum particle density of the entry deposits formed on

the various ferrograms used .

______________________________________________________________________ 
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4.0 TEST RESULTS

4.1 Visual Assessments — Seeded Oil

Figures 4—1 through 4—5 are photomicrograp hs made at high magnifica—

tion (1000X) of the entry deposit region in ferrograms prepared during

a sequence of test runs in which the parameter being varied was mag-

netic field intensity. The test involved circulating 4 gallons of oil

seeded with 100 parts per million by weight of carhonvl iron spheres

through the magnetic filter at a filter flow velocity of 17 cm per

second . The oil was at ambient temperature , approximatel y 25 c c.

Figure 4—1 is a photomicrograph of a fcrrcgram made f r r n  30 L i l  samph-

taken while the oil was circulating through the system before the

magnet was turned on. The scale of the photomicr gr~ip h is 1 n i c r L n

= 1 millimeter. The tiny iron spheres can be seen to range in size

from a maximum of 3 microns in diameter down to less than a micr cn .

Onl y one layer of a quite thick entry deposit is secn here because of

the small depth of field of the microscope at such hi gh magnificati on.

The deposit was actually about 40 microns t h i c k .

Figure 4—2 was made from an oil sample taken af t -r the magnet had been

operating for 5 minutes at a field strength cf 0.5 kil galIss. The entry

deposit is seen to be greatly reduced . The chains of particles seen

there are only one particle thick with larg e spa - es b etwee n them . ( I l i ~

chains form along the field lines of the Ferrograph magnet.)

F i g u r e  4 — 3 , made f r o m  a samp le t aken  after 5 minut es of operation at a

_ _ _ _ _ _ _  ~~~~~~~~~ ~
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4.1 Visual Assessments — Seeded Oil (continued )

f ield o f 1 k ilogauss , shows still fewer particles with a noticeabl y

smaller average size.

Figure 4—4 was made from a samp le taken at  1.5 kilogauss. Particle

removal is seen to be essentiall y comp lete; only one chain , consisting

of 2 particles , is left. Figure 4—5 , made from a samp le taken after

operation at 2 kilogauss for an additional 5 minu tt- s , also shows vir-

tually comp lete removal of the seeded iron spheres.

The test sequence described in the foregoing paragrap hs clea rl y demon-

strates tha t micron size ferromagnetic particles may be removed with

high efficiency from oil flowing throug h 6 inche s of coarse stainless

steel wool (packed to a volume density of 5 ’ )  at a velocit y of 17 cm

per second (equivalent to 244 gallons per square foot per minute) and

a temperature of 25°C when the steel wool is immersed in a magnetic

field with an intensity of 1.5 kilogauss or greater. The oil used in

these tests was Mobil Jet II (MIL- L—23699).

4.2 Parametric Tests — Seeded Oil

The efficienc y of filtration determined by Ferrographic analysis

and pres en ted v isuall y in the foregoing section has been converted into

numbers by measurements of the entry deposit volume as described in

Section 3.3. These measurements are made with the aid of a photoe lec tric

attachment that uses ref 1 ectance as a measure ef the f r i - t  ional ar  i w i  ‘ bin

the microscope field covered by particles precipit ated from an oil samp le.

L b  
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4.2 Parametric Tests -- Seeded Oil (continued)

A low reflectance measurement corresponds to a large percentage of

the area covered by pa r t i c l e s .  Measurements of this kind , made with

the microscope set at a magnification of l QuX , were used to determine

filtration efficiency versus magnetic field , oil flow rate , oil

temperature and matrix loading . Inc ~esults of the measurements are

p lotted in Figures 4—6 through 4—9.

Figure 4—~ d i sp lays two plots of entry deposit volume (in units of

103 micron 3) versus field intensity in kilogauss , one for a flow

veloc ity of 15 cm per second and one for a velocity of 30 cm per

second . The curves show better than 90% reduction of entry depo sit

volume at both flow velocities for fields in excess of about 1 kilo-

gauss.

Figure 4—7 shows the dependence of filtration efficiency on flow velocity

for two values of field intensity, 0.54 and 2.0 kilogauss. Here the

competition between hydraulic drag forces and tractive magnetic forces

is evident at the bower field intensity and is beginning to appear at

a 40 cm per second flow velocity for the higher field. It is to be

noted that these runs were made at an oil temperature of 25°C , and tha t

the substantially lower oil viscosity at normal engine operating tem-

peratures (see Figure 4—8) would greatl y lessen the competing drag

fo rces .  Even a t  25°C , however , f i l t r a t i o n  e f f i c i e n c y  r ema ins  b e t t e r

than 90% at a f l ow veloc it y of 40 cm per second (574 g a l l o n s  per square

foo t  per m i n u t e )  w i t h  a 2 k i logauss  f i e l d .

~~~~~~~~~~~~~---~~~ - - - - -~~~~~~~~~~~~~~~~~~~ -- ~~~~~~~~~~~~~~~~~~~~~~~~
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4.2 Parametric Tests — Seeded Oil ( con t inued )

Figure 4—8 exh ib i t s  exp l i c i t ly the influence of oil temperature on

filtration efficiency at a flow velocity of 17 cm per second and a

f ie ld  in tens i ty  of 0.5 kilogauss. The viscosity of the oil as a

func tion of temperature is also shown .

After long periods of operation , or in the presence of heavy particle

contamination , the steel wool matrix in the magnetic filter will be-

come loaded with particles , and the efficiency of filtration will begin

to diminish. This effect is illustrated in Figure 4—9 where it is seen

that filtration efficiency begins to decline at a matrix loading of

about 50 grams , which happens to be very close to the weight of the

matrix . Since the accumulated particles and the matrix are materials

of similar d e n s i t y ,  t h i s  r e su l t  ind ica tes  t ha t  f i l t e r i n g  e f f i c i e n cy

begins to decline when the volume of captured particles is approxi-

mately equal to the volume of material in the capturing matrix.

The pressure drop across the filter matrix depend s upon the flow veloc-

ity, the m a t r i x  loading  and the viscosit y ‘1 the c i l .  Figures 4—10

and 4—lb are plots of the pressure drop as a function of flow velocity

and matrix loading, respectively, for the Mobil Jet II oil (~1IL—L—2369 9)

used in the tests reported in this section .

________ - _ _ _
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I
4.3 Discussion of Tests with Seeded Oil

It  is to be noted that  none of the  data po in t s  used to c o n s t r u c t  the

curves presented in Section 4.2 show filtration efficiencies as great

as the e f f i c i e n c y  indicated by visual assessment of the photomicrograp hs

presented in Section 4.1. This is due to the unreliability of reflec-

tance measurements for determination of particle concentration at very

low concentration levels , as discussed in Section 3.3.

In these  seeded oil exper iments  it has been demonstrated that magnetic

filtration can be extremely effective at field levels attainable by

permanent magnets if the contaminant is ferromagnetic material in the

form of micron size spheres. It is tempting to assume tha t filtra-

tion will be equally effective when the contaminant consists of real

wear particles produced by rubbing or rolling contact between parts

made of ferromagnetic material. There remains a concern , however ,

that the differences in particle shape and size distribution tha t

clearly exist between the seeded spheres and real wear particles could 
*

lead to d i f f e r e n c e s  in filtration effectiveness. It was , therefore ,

decided t ha t , in the  i n t e re s t  of enhancing the credibilit y of the re-

s u l t s , f u r t h e r  t e s t s  should be conduc ted  w i t h  rea l  wear p a r t i c l e s  pre—

sent in the  o i l .  P re l im ina ry  a r r a n g e m e n t s  were made to c a r r y  out such

t e s t s  at  a Naval  f a c i l i t y  engaged in  wear  t es t  work , bu t  i t  was u l t i —

matel y decided that the tests could be conducted more convenientl y at

less  cost by add ing  a r e l a t i v e l y s i m p le wear p a r t i c l e  g e n e r a t o r  to t h e

t e s t  loop used in the  seeded oi l  e x p e r i m e n t s .  Th i s  work is de sc r i bed

in the  next  sec t ion .
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4.4 Tests with Real Wear Particles

A pho tograph of the labora tory test equ ipment with a Falex lubricant

wear test machine included in the loop to serve as a wear particle

generator  has been presented  in Figure  3—2.  The Falex machine is des-

cribed in Appendix I. A typical test sequence involving the use of

the Falex machine was presented in Sec t ion  3 .2 .

Figure  4 — 1 2  is a pho tomic rog rap h made near the  e n t r y  deposi t  reg ion

of a ferrogram prepared from oil containing a heavy concentration of

wear particles produced by the Falex machine. The magnification is

b OX . Figure -13 is a photomicrograp h of the same region of the

ferrogram at a magnification of l000X .

Figures  4—14 through 4-21 are photomicrographs of the entry deposit

reg ions of ferrograms made during a test sequence run to demonstrate

filtration efficiency as a function of magnetic field intensity. All

of the photomicrographs in this sequence here made at a magnification
I

• 
of lOOX .

The oil used in these tests was Quaker State 1OW—30 at room temperature .

Since the viscosity of the Quaker State oil at room temperature is

about three times tha t of the Mobil Jet II oil used in seeded tests ,

the flow velocity was corresponding ly reduced to keep the hydr odynamic

drag approximately the same as in the seeded oil tests for particles

nf sim ilar shape and size. The flow through the experi ~entab loop in

the real wear partic le tests using Quaker State oil was at the rate of

~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • - -
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4.4 Tests with Real Wear Particles (continued) -

•

one gallon per minute; a two quart volume of oil was used in all

the tests .  (The ra te  of f low in the seeded oil t e s t s  was three  ga l lons

per m i n u t e . )

Figure 4—14 shows the en t ry  deposit  region of a f e r r o g r a m  made w i t h

clean o il taken d irec tly from the can. Bits of material of the kind

seen there are invar iabl y present in “clean” oil.

Figure 4— 15 is the en t ry  deposi t  region of a f e r r o g r a m  made f rom a

sample that had been circulating through the system for 5 minutes with

both the magnet and the  wear p a r t i c l e  gene ra to r  t u rned  o f f .  The

• al igned particles seen here were left over in the system from a prior

t e s t .

Figure  4 — 16  shows the e n t r y  deposi t  formed f rom a samp le taken a f t e r

the Falex wear particle generator had been operating for ½ hour with

a 650 pound load acting on the Falex V—blocks. 
*

Figure 4—17 is the entry deposit region from a sample taken after 5

minutes of magnet operation at a field intensity of 0.25 kilogauss with

the wear particle generator still working.

Figures 4—18 , 4—19 and 4—20 show the results of filtering at field in—

tensities of 0.5, 1.0 and 2.0 kilogauss , respectively . The durati on

of f i l t e r i n g  at  each of these  f i e l d  levels  was S m i n u t e s . and t h e  we ar

particle generator continued to operate’ during these intervals.
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4 . 4  Tests wi th  Real Wear Pa r t i c l e s  ( c o n t i n u e d )

Figure  4—21 is the entry  deposi t  region a f t e r  an a d d i t i o n a l  5

minu tes  of opera t ion at a f i e ld  i n t e n s i t y  of 2.0 kilogauss with the

wear pa r t i c l e  generator  turned o f f .

By visual assessment of the photomicrographic results that have been

presented in Figures 4—14 through 4—21 it is clear that the high effi-

ciency of removal of ferromagnetic particles demonstrated by the

seeded oil  t e s t s  holds up very wel l  in the  presence of real  wear par-

t i c l e s .  In all  of these p ho tomic rographs , the ferromagnetic wear

particles are readil y identified and distinguished from the other

debris present because they are arranged in vertical lines by the

magnet ic  f i e l d  of the Fe r rograph  whi le  o the r  m a t e r i a l  is depos i ted

randoml y.

4 . 5  Permanent  Magnet  F i l t e r

Al thoug h the re  is no reason to suspect  tha t the f i l t r a t i o n  e f f i c i e n c y

achievable with a permanent magnet filter will differ from that observed

w i t h  an e lec t romagnet ic  device ope ra t i ng  at  the  same f i e l d  i n t e n s i ty ,

tests were conducted with a readily available permanent magnet simp ly

to demonstrate that it does indeed work. The permanent magnet that

was used is solenoidal in shape and slightl y smaller than the electr ’-

magnet. (See Figure 3—3.) The axial magnetic field intensit y in the

c e n t e r  of the  magnet  bore  is 0.8 k i l o gau s s . The same c a n i s t e r  and

matrix were used as in the wear particle tests described in the pre-

v i o u s  s e c t i o n .  The test loop, including the Fal€-x wear particle

_ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ A
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4 .5  Permanent Magnet F i l t e r  ( con t i nued )

generator , is operated in the same way as in the prior test , ex-

cept that the magnet was not installed around the canister u n t i l

after the Falex machine had been operating for one—half hour to

build up a concent ra t ion  of wear p a r t i c l e s  in the  o i l .

Figure 4—22 is a photomicrograph of the  f e r r o g r a m  e n t ry  depos i t

produced f rom a samp le of oil taken a f t e r  the  Falex wear parti cle

generator had been operating for one—half hour without the magnet.

Figure 4 — 23 shows the en t ry  deposi t  formed a f t e r  the magnet had been

installed and the loop operated for 5 minutes at a flow rate of one

gallon per minute  w i t h  the Falex machine c o n t i n u i n g  to run . (The

sample consisted of 2 quarts of 1OW—30 Quaker S t a t e  o i l . )

Figure 4—24 is the entry deposit seen after 5 more minutes of loop

operation with the Falex machine turned off.

4 . 6  Wear Tests

The ultimate measure of filter effectiveness is the extent to which

wear rates are reduced when the filter is included in the lubricati cn

loop. Some preliminary wear tests were made with the Falex lubricant

test machine described in Appendix I. The tests were conducted in

accordance with the procedure given in the A .S.T.~~. standard wei r test

f o r  f l u i d  lubricants , D—2 f 70—67 , which the Falex machine is designed

to perform . In this test , wear Is measured by the set ting ‘f a

_ _ _ _ _ _ _ _  
_ _  ~IIiT~II
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4.6 Wear Tests (continued)

micrometer rachet wheel required to reach a given load on the spec i—

men be fo re  and a f t e r  ope ra t ing  the machine for a specified length of

time at a specified load . Measurement results are stated in terms of

the d i f f e r e n c e  in the rache t  wheel t oo th  number before and after the

t e s t .  Each tooth represents  a combined t o t a l  wear of the test p in

and loaded V—blocks amounting to lO~~ /l8 inch. The test results are

presented in Table 4—I. Quaker State lOW—30 oil was used in these

tes ts  at a f i e l d  i n t e n s i t y  of 2 kilogauss and a flow veloci ty of

5.7 cm per second at 25°C.

TABLE 4— i

Wear Test Measurements

Test Magnet On Magnet Off Improvement
Number ( t e e t h )  ( t e e t h )  ( O f f / O n )

1 6 4 0 . 6 7
2 5 5 1.00
3 4 6 1.50
4 4 6 1.50
5 6 7 1.17
6 2 3 1.50
7 3 9 3.00
8 3 5 1.67

It is to be emphasized that the measurements presented in Table 4—I

are preliminary: the scatter suggests that the measurement techni que

mig ht  be improved.  The average of these measurements does , however ,

indicate half again as much wear without the f i l t e r  as w i t h  i t .

~ L

_ _ _ _ _  
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taken directly from can . Magni ficataon lOO~~.
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r i - ’ . 4 — i S  E n t r y  d e p o s i t  f r o m  ~u ~kc’ r ~~t~~~t t
a f t er  5 m i n u t e s  o f C i r - u l a t  i n i - a h

sv : t . -n with miane t and Falex machint o f f .
P I r- t j : l e s  seen h e r e  ar e  l e f t  °ver from n o r
r i n .  I-’low veloci t- .- 5.7 cm/s ec.  Temper it aic -
.~~°c . :-Lm n ific ation 1 0 0X .
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~ 4~~~~ Entry deposit after one-half hour of
o o e r a t i o n  of F a le x  wear  p a r t i c l e  q e ner at o r  w it h
magnet off . Magnification 100X.
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Fig. 4-17 E n t r y  depos i t  a f t e r  5 m i n u t e s  of
ma g n e t  o p e r a t i o n  a t  0 . 2 5  k i l o g a u s s .  Wear
particle generator still operatinci . Condi tions
same as in Fig. 4-15 . M a g n i f i c a t i o n  l O O N .
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Fi g. 4 — 1 8  E n t r y  depos i t  a f t e r  5 m i n u tes more
f i l t er f ~~ a t  0.5 k i l o g a u s s .  Cond i t ions  sam
as in Fi g .  4 — j 5 . P a r t i c l e  gene ra to r  s t i l l  op—
erating. Maqnification 100X.
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F i t . ~~~~~~~~~ E n t r y  depos i t  a f t e r  a h d i t i o n a l  S
r n i n u t c s  of f i l t e r i n T  at  1 .0  k i l o g a u s s .  ~-~ame
conditions as in F i l l .  4 — 1 5 .  P a r t i c l e  q e n e r a t o r
ope rat  m g .  Ma i n i f i c a t i o n  l O O N .
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Fig. 4-20 Entry deposit after 5 more minutes
of operation at 2.0 kilogauss . Conditions

• same as in F i g .  4 — 1 5 .  Particle genera tor
operating . Magnification lOON .

Fj l l .  4- il E n t r y  depos i t  a f t e r  5 a d d i t  i o n i l
ln ü t 6 ~~~~t 2 . 0  k 1 1 i I I a US S  w i t h  p a r t i c l e  ;e~-o r a t o r  turned of f. Conditions same as in Fl

1— 1 5  M a q n i f i c ’ at i o n  1 0 0X .
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Fi g .__4-22 Permanent magnet test. Entry deposi t
after one-half hour operation of Falex w I- ar oarticle
generator with ma~~net out of loop . MaLlni fication
100X.

r
5.

Fil;. 4—23 Entry deposit formed after pe r m a n e n t
gn~~ installed in loop and system operated for

S minu t es. Central field of magnet is 0.8 kilo—
: iuss . Flow velocity 5.7 cm/sec. Temper i t :re 25°C.

Ma i n i f i c a t i o n  100X
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Fig. 4-24 Entry deposit after 5 more m i n u t e s
of operation with wear particle generator
turned off. Conditions same as in Fig. 4-23 .
M a g n i f i c a t i o n  100X .
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5.0 FILTER DESIGN

• The tests that  have been descr ibed  in Section 4 c l e a r l y demo n s t r a t e

that efficient removal of ferromagnetic wear particles fret-i lubri-

cating oil by high gradient magnetic separation is achiev~ h1e ~~th

permanent  magnet dev ices .  Permanent  magnet filter s hav e tW IS d i s t i n c t

advantages over filters equipped with electromagnets: (1) they re-

quire no power for operation; and (2), they cannot he ina (lvS rtentlv

turned off , thereby releasing back into the lubricant str& it - i the wear

particles that have been accumulated. Against these adva nLi ges is

the disadvantage t ha t  a permanent  magne t  d e v i ce  cannot  s i m p l y  he

flushed to remove its accumulated debris , but must be disassembled

f o r  c leaning . A permanent  magnet  a r r angemen t  such as t h e  one used

in the tests reported herein is easily disassembled for cle aning b y

simp ly removing the canister containing the steel wool matrix fret -i

the magnet. The magnetic field attainable with such a g - I I m t - t e r v ,

solenoidal  permanent  magnet  and in s e r t ah l e  c a n i s t e r , i s .  u n t e n t u n a t e l v ,

l i mit e d  to one k i logauss  or less , whereas  the  te sts th e l i V e  been con-

duc ted  indicate much better performance can be expected in t h e  1.5 and

2 kilogauss range.

In view of the above cons iderat ion~i , a considerabl e in • i t t  of thought

has been devoted during the course of this work to permanent ni gn e t

design improvements that wiL l perm it . s i se r a t ion at the hi gher indicated

f i e l d s  and s t i l l  permit relat i v e l ,  ea sy  d i s a s s e m b ly  f o r  s~- P - i i i i nr  I r

rep lacement  i t t  t h e  m a t r i x  e l  t m & t i t  . 1 he r t - su l  t has b et  i t  in e v o l u t  i on

H I
_ _ _ _ _
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5.0 FILTER DESIGN (coitt inued)

of th ree  cand ida te  des igns tha t appear to be novel for which patent.

disclosure documents  are being prepared and wi l l  be submitted sep-

arately from this report.

_ _  
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6.0 CONCLUSI ONS ANI) REcO~LMe\iATIoNS

The work reported hi-re has d~-m ust rated clearl y that ferromagnetic

wear particles may be removed ot fic i e ri tlv i tem lubricating oils by

means of h igh  gradient magnetic separation at a field intensity

between 1 and 2 k i 1 - ~~t i i i s s .  F u r t h e r m or e , pe rm anen t  magnet  f i l t e r

d e s i g n s  have been evolved which are extremely flexible in concept

for adaptation to •i wide variet y of specific filtration situations.

The task remains , however , of identif y ing potential app lications of

• this technology, m d  irranging demonstration tests to establish t h e

val idity of the app lication . Opportunities need to be found t o  con—

duct tests supervised by peop le who a r e  e x p e r t s  in the  app l i c a t i o n ,

pr ef erabl y at existing test facilities.

One such o p p o r t u n i t y  is c u r r e n t l y be ing pur sued  w i t h  Diesel  e n g i n e s .

The polymerization and oxidation of Diesel lubri catin g oil due to

high operating temperatures produces substances that rather quickly

p lug conventional filters. The high gradient magnetic filter appears

— to o f f e r  a means for filtering out the wear particles while permitting

these p o l y m e r i z a t i o n  and o x i d a t i o n  p r o d u c t s  to  pass r e a d i l y t h r o u g h

the f i l t e r  and t h e r e b y  avoid b lockage . A r r a n g e m e n t s  are c u r r e n t ly

being made to t e s t  the  e f f i c a c y  of such f i l t e r i n g  f o r  wear  reduction

a t  the  Diesel eng ine  t e s t  f a c i l i t y  under  t he  d i r e c t i o n  of Prof. John

Johnson at M i c h i g a n  T e c h n o l o g i c a l  U n i v e r s i t y  in  H o u g h t o n , M i c h i g a n .

P r o f .  Johnson has had many  yea r s  of experience with Diesel eti~ ine

engineering and has made use of innovative techn iques tor determining

the amount and location of wi-m r in such engines.

I

I
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I
6 .0  CONCLUSIONS A~~ REC O~~ ENDATI0NS (continued)

I Other  o p p o r t u n i t i e s  of t h i s  k ind  are c u r r e n t l y being exp lored in

I 
the cleaning of hy d r a u l i c  and cutting oils , the re—refining of

engine oil and lubrication systems for large prime movers. These

efforts will continue with emphasis on painstaking performance

evaluation in specific app lications.

~6
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IX I

Falex Procedu res

for Evaluat ing Lubricants

FREDERICK A . FAVILLE , ASLE In t in  a t o t  h er. The bench t tot p r om dii r to  i s u i s t  l i e  .i

WILLIAM A FAVILLE , ASLE i t~ i t o  i o i r t - L i t t -  .~ O } i  t l t i  s(’rvi ( i l i t . i  is t ilahie fo r  s

• Fov i ll e—LeV a l ly Corp given ttj )p hi( ,tti t ( I I .

Bellwood , Illinois F u r  ( O , l i i i 1) l ( ’ . t ) l ~ (’ i l l l t t ) l I l O t l % C  ( O i u l l i , ( i i V  t~ i i i i i mI t i L t i  -

sul i)iol r i/i-tl t ,tt t v tol i i i  brigh t stock g u s t - rela tiv ols l u

f i t - l i  I t i  t i l u p l i l i t s  of poor s t - I S  i (~~ f r i  i i i  a lii gi -  I t n t  ii  t s r  s i t

Although bench type lub ricant test mach ines ore t l ts- i r  s - a r  u l t - i li rs. Their  u.s u t  hd , i t  I I r a i i s t l i u - ,-,i u t l i  ut ih u s

widel y used, t hey are normal l y limited to use as roug h t ) r t i ~i i l il f i l l  s t - suI t ed  i i i  i . lr t e  i t i l i t i l S e r  i f ‘ u s - l i  ~~~~~~~~~
screen ing tests However , with test conditions modified ‘fl t ’ t ~ i i t l  ( l u S t !  i i i  i t t  t h u s  t O t )  o t is i t - s s s l t i - u l  i i i  t t i i lv  ,i t v

to better simulate service co nditions , m e an ing f u l test t b 0P i ,
~~

h t t  -,. ( i t s u v e ut ioiial l i 1 m - r m - , e s I i t i ~ I iI t i s t s  t i l l  t h e

resu lts can be obtained. I~ i ii -s i t t u  h u t s -  (liii to t  ‘ iv i ’  resu l t s  t-it nt~sir ii t h e  hi

Consi deration of dilution techni ques , a n a l ysis of the t t ~ id re 1s i t s . I ii si t ’ s I I . l i i i  tdt f it  t~ th e  pr tm - i t t ’ I sm

type of failure of the test p i eces , use of the tra nsition t h e  s i t - o r  i i i  , i  t h r t - t -  t i i i i i i i t s -  peT tu tu i  t i f l o s m s i u i ~ t i u s ’ I - _ i l l

pressure as an en d po int for step—up tests and stud y o f i~~i~~~i 
iii t o r t j s i m ’ . ur t r a i t s i t i o i i  

~
i
~~

- ’ o °  ~‘ 1 u t 1 1 t ~ eti t i i t -

t he important property of lubricant anti—weld value are field im - 1) i tr ts s i t  the  ir dea ler s . Iii. va.  a r , i tIim ii

a ll shown to g ive correlation between Fo lex lubricant sis-j ~ i it o im - i i i  j ) r t . K- u i i l re f ron t  c ons t - t i l t i t i t a h  i t  - t u tu .. l i n t

tests and field service performance. Solid film lub ricant it c u t s  r e l a t e - m i  si it lo tin- held d a t e .

test ing is summarized. -~ s i o O u e r  exais t ple : , i f t s - r  I ( )  s t a r .  It t s-s t in g eu et i t t  h g

oi ls , si u t i t t t r i i i i t ~ of r esu lt .  ivas ii i t  ( t h t i i u l e i l  ti t it il th e
i l o c r m -os i i  i i ~ hu t im i  t~ iie p r ie -e-Jtt r t - si ts t i t ~ o ‘~~~~~

- I o t h e

INTRODUCTION I )  i f l h i o t o t m  smea r Is ’ t s . as t-xp i i i tt ts l  la tc i  li t  t h i s -  P 11)5 1
I f a hwsi (- h i  t i - s t  din. not go (~ a iiseIiuh t V _ i h t i _ i t t O i l . f in S-

I ,thi’ i rato rv he ’ uoeho t i s t  t i n  Itiuns (a f l  ~i snl siü ~~ cem lt i r es  an d u t t l a t  v o r l i l s i s ’ s  most lie isn ihu in - u l  until i t
pr os - tee t h i t i u t  ineait i itgfuh r i-s t i l ts i i i  s i t i n g  h r s l s r k - e i t t s .  d oes
u n-se r t ’ s t th ts  c a l l  f t c  sl i t uw ut (it cs t i r c h , t t t ’  w i t h  s i - r i t e s -  t i s t - t ’o t t i s -  i - u i u i - ~ider.ti~~ie- i t t ’  s r i g g t S I S b i t s- r i - t i  th u  f r  Fa l s-s
i t t  t he  l u l i r t u - u s u t s  if proper t i - s t  p r s ) m - e d t i r e s ar e app l it - t i .  t t ’ s t  i _ t i  i t i s i e  pi  s - s h i r t - s  t o  ‘. i t u s t v t i n -  i~t - i - st f t  l i t  0

t i u t o r t to ta tm- hv , theni - is a gm -nm-tai desire to  I is i - rs ts i i p lilv 
~~~~~~~~ ~~~~~~~ l is ts .

• ~ these ) i - i ) t - (- d si r m -s iii orde r to get t single m’ ,i sv i at i i i g

• i i u u t ’  ‘ib is ovt-rs i r iu p hi f i t - .o t itm , si u t l ious t  ttt rthm-r i itt t rpre—
t i t t o i  Sir u i i v e s t s g i t i o i l  of a t i t l i t i t t u i . t i  , srt i p ent i t -s  t a i l  DESCRIPT ION
-, t ’ V t ’ r S i \  htns t - r  t i l l -  ctnuf j c lenit ’ leve l iii ill ltet ieh t s -s te r s .
I .il tt i ni t it r s he-rn - li t t ’ s t i i t g  is  a n e c e s s l i s  t u t u that ins ist 

This’ F , oht-x h s i h n i m - i i u t  t m - s t u n g  s i i . t i  hint- is t l1uu ~t i  ,t ted  si t

l i e - u. s- i f slut -c die a l t s - r t i , t t i s t -  1 (ti l l se a l t ’  s e n i u - t -  t e s t s  5 
g I. 2 i u o i  1 ‘F i t s -  re m o r s t i r i g  i s i s t r s i i t o s - i u t  i i i  the

tius i t i t t u t u ,  t i n t e  ~t u s u s i t i n u t g  ant i u - s u i t - i i s i ~~ 
p h i u t o g i  , i 1 uh . Fig 1. go s -s a t r a m - i ’  of t h e t u 1ise- or fri s

ilt’ ,ihf ~ re hi _ i l t i e  s l i m  n e  p t’ rI o r iuu _ tiu - e data  is it io st 
t ioui (l (-vehispe-d d s s r t i u g  t i t s ’ t e s t  and  can he u sed as c i t

t li f l i t  It t i  u - s t e1 lisle Oi oe app h k- it t i t u s  i t i es d u ths ’ i  wit  h’hv 
is i t  i i i  i t t  i i  t n t  tf ,osd t u t i t t - r .  un - t st p i t - c t -  i i i  i f i t  r u t  I i i i

is s l i t i wn  in I
_
it 2 i i i .  s t ee l oi r i t ,o l  s. nut t _ i h— t i

_ t g o n s t  t i m  i t  — _ t , i t i i o i _ i s  v \ ‘ —~ , l i t t  k. t i  _~i s t -  _ i l o t u s — l i nt ’

Prsu,.nied at Vis e �]~d ASt~ Annual Me.Vsng 
c i t  t o t - I  Fit s - I st f u l l  i -s m u  t h u - s r  s t s f ) p t t t  I i i L ~ l~i5i • ’, ~t i l ’

in Clevela nd, Ohio , May 6— t O . 1 968 itsitris r seil iii I lit t i l s e t s i ,~hs- (if) l i t  oil liii i s i m - .i u t t s . in
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Fig 1 Sch.mai ic d iagram ot i.ft er

I
the t m’ s t  pieces u - o t t  lie t i t i t e d  s m ith a soliti tu tu lsi ls r ic ’a ,it ,
The jtninnal is t l n v e m i  at 2h () r p isu  and Itiad us app lied to 

Fig 3—lest macbin,  wis h ou lomalic Cor que c us -o R and C m,,

tin - \ — h u n k s  t i t r i i t i g f o  a u i t t t — c i  ,os k u- r  ,uc t u t u Ies’ei an si
and sp rn tg g , i u i g t ’ . f lue i~0~d ts actuat e d l iv  i t t - o t i s  mu f a -
ratchet wh i t -c - I  ii ue- c hiat tis tot th a t  also i u u u h i u - a t e s  sve ’ar h ike  o 

1 lie i, ()(t lit g , i t u g i ’  is st- t it p S I  U t . t t  it ru - o h s  doe l ut at i

iiiic - n oit i t- ter . Tit u s i u t u i - t o i t i e t e n  at r .oi gt ’ iuietot ohh uws (lie pt- i j u’ t t u ln t t la i  to tin- h i t - . t r t t ig  t n t ’  of t hoc- \‘ I h i  k t a t l te r

n ie asur en le -uo t i t t  si u - t i  wh i le  t i n - t i -st  is ui igiess . i-:,~~h~ 
t it an doe ’ di i  u - i  I load i i i  t l t c -  j a u t .  i t  was felt l u st l i i

18 teeth on (lie r_ e (clit- t hot - el ,- p t _ eh s i t  i H ) i  i i i .  u i t  wear. no i i dt c i t i t l i t s i o n  Sm C u l l  i s - s o l t  t r t t u u t  o t i s  o t t i - i t u l u t  L i i

TIoc- e uu t i re  ioasi ~o t i i  assen i lu iv ts  t i t ’ s t i  i - t o t s’  about (lit l i a t ig i - t i t t ’  - 151 Itt lh g , u i t g u -  s t , t r t s l i t  ml s i t  i c c  II i i ’ is so

m a u i sh i f t  a r i d  f r i e t i t u m u  mh-vs- l i t 1n -d d t t i - i i t g  t I ’  t i - s t  ~s 
iti ochi h u n  k g i o s m u o t l  , t t o m l  t h m t a  li ,~ s’ mI m t im t h e  t’au l e t  ~ii t-

show n u s  i l i c l i - p u i s i t t o l s  on th e  to r u 1 itc g,tll~~i ’. i l l on t ilt ’
rt’c-tu nd c— n clt,tr t - 

‘Si -S u - i _ _ t i  nt t ii t tI i l i u m  i r iugs aim s ’  i u ,t s u  - sit s i t  u i t s t  I

,-\ li~hei m- ,ihi h r , ittt sit itis - tinuti i s  in i m ip m i t a i o t  ~~ i- i t t 
it o . 0 S i t  t l t a u i t t ’ t s r  of hnntm ’ll i t t i 1 i us - ss tuu i t . al h ~ ,t i i ~~ u -s

des’ elop ir iezi t  on th is uu,te biuu i t -  ‘flits ~ t~~t-~ t h u  u s o t  t load ~~~~ lie’ t i s i - ul  t i  l ,ui igu - ,t Is on tit ,oto i 1, 1 fonm e s ot

ul i l  die t i - s t  pit- c -es -a m i d  it  us  i h i - t i - i  u r t o u e - d  hv m t m i k t i t ~’ h rt i oe ht 
5 , t f u u 0 s ~gi” 5~ t im gmi ot f  l i t  s h u t  i t ’ s i i l ts.

I u i s l e i o t , t t t i u t u s Ofi ( o f u p t - i  I t - s t  c u iu pt i i s  i i i  e’ st , t hit ts lts ’mI itOh -

ute ss . Tiut i u t s l e i i t a t u t u t u  i l i t i s t e t t - r  ill i t i i l h i i t u t - t e ’ r s  is pit t ttt -iI
aganist t h e  gat ige loath at si I i i  h u t I i t-v si i re- u t m ide. I b i s
ctms v s’ is t he -n conipareil to ( h u e  ( b i t ’  i i  t I  i i i  i l i st’ t

lated fnou iu the hriiuell for uiu tml o u i 1  t u it s t t t mmtes the- ualt -
hr atmon i- u t v t -  i - un  a t t v  ml i at- l o i t e ’  and g o i l g i -  ctt iiol t n~~it ion-

Refer t o  i- ig. -I uiud B i d i t ( i i i  5 h i  iii I- t h u ’ s l i t s t i ’m t u t i i i

Matinal 1 2) (: f l .
— 

— ‘Ilie t i ie t m r m - t icud hn imie ll u - t i ns t- u s s t se ( h  t i n  ( hoe 4)tb ) ifs
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